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$EVWUDFW
7KH WZHQW\ ILUVWFHQWXU\ LV UDSLGO\EHFRPLQJ WKHSHUIHFWHQHUJ\VWRUPPRGHUQ VRFLHW\ LV IDFHGZLWK
YRODWLOHHQHUJ\SULFHVDQGJURZLQJHQYLURQPHQWDOFRQFHUQVDVZHOODVHQHUJ\VXSSO\DQGVHFXULW\LVVXHV
2QHRIWKHJUHDWHVWFKDOOHQJHVIDFLQJPDQNLQGLQWKHWZHQW\ILUVWFHQWXU\LVHQHUJ\)RVVLOIXHOVVXFKDV
FRDOSHWUROHXPDQGQDWXUDOJDVKDYHEHHQ WKHPDLQHQHUJ\ UHVRXUFHV IRUHYHU\WKLQJYLWDO IRUKXPDQ
VRFLHW\7KHEXUQLQJRIIRVVLOIXHOVKDVFDXVHGDQGLVFDXVLQJGDPDJHWRWKHHQYLURQPHQWRIHDUWK%\
WKHGHPDQGIRUHQHUJ\FRXOGGRXEOHRUHYHQWULSOHDVWKHJOREDOSRSXODWLRQJURZVDQGGHYHORSLQJ
FRXQWULHVH[SDQGWKHLUHFRQRPLHV7KLVKDVDOUHDG\UDLVHGFRQFHUQVRYHUSRWHQWLDOVXSSO\GLIILFXOWLHV
GHSOHWLRQRIHQHUJ\UHVRXUFHVDQGH[SHGLWLQJHQYLURQPHQWDOLPSDFWVOLNHR]RQHOD\HUGHSOHWLRQJOREDO
ZDUPLQJ DQG FOLPDWH FKDQJH HWF 7KHPRVW DEXQGDQW HQHUJ\ UHVRXUFH DYDLODEOH WR KXPDQ VRFLHW\ LV
VRODU HQHUJ\ 7KH XWLOL]DWLRQ RI VRODU HQHUJ\ LV DV ROG DV KXPDQ KLVWRU\ $PRQJ YDULRXV W\SHV RI
UHQHZDEOH HQHUJ\ UHVRXUFHV VRODU HQHUJ\ LV WKH OHDVW XWLOL]HG $LU FRQGLWLRQLQJ LV HVVHQWLDO IRU
PDLQWDLQLQJWKHUPDOFRPIRUW LQLQGRRUHQYLURQPHQWVSDUWLFXODUO\IRUKRWDQGKXPLGFOLPDWHV7RGD\
DLUFRQGLWLRQLQJFRPSULVLQJFRROLQJDQGGHKXPLGLILFDWLRQKDVEHFRPHDQHFHVVLW\ LQFRPPHUFLDODQG
UHVLGHQWLDO EXLOGLQJV DQG LQGXVWULDO SURFHVVHV'XULQJ WKH VXPPHU WKHGHPDQG IRU HOHFWULFLW\JUHDWO\
LQFUHDVHVEHFDXVHRIWKHH[WHQVLYHXVHRIDLUFRQGLWLRQLQJV\VWHPV7KLVLVDVRXUFHRIPDMRUSUREOHPV
LQ WKH FRXQWU\¶V HOHFWULFLW\ VXSSO\ DQG FRQWULEXWHV WR DQ LQFUHDVH RI &2 HPLVVLRQV FDXVLQJ WKH
HQYLURQPHQWDOSROOXWLRQDQGJOREDOZDUPLQJ2QWKHRWKHUKDQGYDSRXUFRPSUHVVLRQDLUFRQGLWLRQLQJ
V\VWHPVKDYHLPSDFWVRQVWUDWRVSKHULFR]RQHGHSOHWLRQEHFDXVHRIWKHFKORURIOXRURFDUERQV&)&DQG
WKH K\GUR IOXRURFDUERQ +&)& UHIULJHUDQWV 7KH XVH RI VRODU HQHUJ\ WR GULYH FRROLQJ F\FOHV LV
DWWUDFWLYHVLQFHWKHFRROLQJORDGLVURXJKO\LQSKDVHZLWKVRODUHQHUJ\DYDLODELOLW\7RFRROZLWKVRODU
WKHUPDOHQHUJ\RQHVROXWLRQLVWRXVHDQDEVRUSWLRQFKLOOLHUXVLQJZDWHUDQGOLWKLXPEURPLGHVROXWLRQ
6RODU DLU FRQGLWLRQLQJ V\VWHPV KHOS WRPLQLPL]H IRVVLO IXHO HQHUJ\XVH$PRQJ WKH HYROYLQJ HQHUJ\
HIILFLHQW DLU FRQGLWLRQLQJ WHFKQRORJLHV DUH OLTXLG GHVLFFDQW DLU FRQGLWLRQLQJ /'$& V\VWHPVZKLFK
KDYHVKRZHGSURPLVLQJSHUIRUPDQFHGXULQJWKHSDVWGHFDGHVDQGDUHEHOLHYHGWREHDVWURQJFRPSHWLWRU
ZLWK WKH ZLGHO\ XVHG FRQYHQWLRQDO DLU FRQGLWLRQLQJ V\VWHPV &$& 'HVLFFDQW HYDSRUDWLRQ FRROLQJ
WHFKQRORJ\LVHQYLURQPHQWDOIULHQGO\DQGFDQEHXVHGWRFRQGLWLRQWKHLQGRRUHQYLURQPHQWRIEXLOGLQJV
8QOLNHFRQYHQWLRQDODLUFRQGLWLRQLQJV\VWHPVWKHGHVLFFDQWDLUFRQGLWLRQLQJV\VWHPVFDQEHGULYHQE\
ORZJUDGHKHDWVRXUFHVVXFKDVVRODUHQHUJ\DQGLQGXVWULDOZDVWHKHDW,QWKLVVWXG\DIRFXVLVPDGHRQ
UHGXFWLRQLQ$LU&RQGLWLRQLQJFDSDFLW\IXHOVDYLQJVDQGHPLVVLRQUHGXFWLRQVDWWDLQDEOHWKURXJKWKHXVH
RIVRODUHQHUJ\

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 ,QWURGXFWLRQ
$VDNLQGRI UHQHZDEOH HQHUJ\ VRODU HQHUJ\ LV SDLGPRUH DQGPRUH DWWHQWLRQ LQ WKHZRUOG6RODU
V\VWHPFDQEHFODVVLILHGLQWRWZRFDWHJRULHVWKRVHDUHWKHUPDOV\VWHPVZKLFKFRQYHUWVRODUHQHUJ\WR
WKHUPDO HQHUJ\ DQG SKRWRYROWDLF V\VWHPVZKLFK FRQYHUW VRODU HQHUJ\ WR HOHFWULFDO HQHUJ\+RZHYHU
PRUH VRODU UDGLDWLRQ ZKLFK IDOOLQJ RQ SKRWRYROWDLF FHOOV LV QRW FRQYHUWHG WR HOHFWULFLW\ EXW HLWKHU
UHIOHFWHG RU FRQYHUWHG WR WKHUPDO HQHUJ\ 7KLV PHWKRG OHDGV WR D GURS RI HOHFWULFLW\ FRQYHUVLRQ
HIILFLHQF\GXHWRDQLQFUHDVHLQWKHSKRWRYROWDLFFHOOVZRUNLQJWHPSHUDWXUH
,QWKHSDVWFHQWXU\VFLHQWLILFFRPPXQLW\KDVGHYRWHGPXFKHIIRUWWRSURFXUHHQHUJ\VXVWDLQDELOLW\RI
KRXVLQJLQWZRPDLQGLUHFWLRQVWKRVHDUHUHGXFLQJH[WHUQDOHQHUJ\VXSSO\DQGXVLQJUHQHZDEOHHQHUJ\
IRU WKH UHPDLQLQJ ,QERWKZD\V VRODU UHVRXUFHVDUHJDLQLQJSRSXODULW\EHFDXVH WKH\ LQFUHDVHHQHUJ\
LQGHSHQGHQFHDQGVXVWDLQDELOLW\DWWKHVDPHWLPHRIIHULQJQHDUO\]HURLPSDFWWRWKHHQYLURQPHQW
7KH PRGHUQ FRPIRUW OLYLQJ FRQGLWLRQV DUH DFKLHYHG DW WKH FRVW RI YDVW HQHUJ\ UHVRXUFHV *OREDO
ZDUPLQJ DQG R]RQH GHSOHWLRQ DQG WKH HVFDODWLQJ FRVWV RI IRVVLO IXHOV RYHU WKH ODVW IHZ \HDUV WR WKH
GHVLJQDQGFRQWURORIEXLOGLQJHQHUJ\V\VWHPV6RODUHQHUJ\LVDEXQGDQWDQGFOHDQLWLVPHDQLQJIXOWR
VXEVWLWXWHVRODUHQHUJ\IRUFRQYHQWLRQDOHQHUJ\6RODUHQHUJ\WKHUHIRUHKDVDQLPSRUWDQWUROHWRSOD\LQ
WKHEXLOGLQJHQHUJ\V\VWHPV
7KH LQFUHDVLQJVFDUFLW\DQGFRVWRI IRVVLO IXHOVDQG LQFHQWLYHV WRUHGXFHJUHHQKRXVHJDVHPLVVLRQV
KDYHOHGWRDJURZLQJLQWHUHVWLQVRODUHQHUJ\6RODUHQHUJ\LVZLGHO\DIIRUGDEOHDQGKDVWKHFDSDELOLW\
WRPHHWKRXVHKROGGHPDQGRYHUWKH\HDU8QIRUWXQDWHO\LWVLQWHUPLWWHQF\DQGYDULDELOLW\ZLWKZHDWKHU
FRQGLWLRQVWLPHDQGVHDVRQVOHDGWRDPLVPDWFKEHWZHHQKHDWLQJGHPDQGDQGVRODUHQHUJ\DYDLODELOLW\
$LU FRQGLWLRQLQJ V\VWHPV DUH LQVWDOOHG LQ EXLOGLQJV WR SURYLGH WKH RFFXSDQWV ZLWK KHDOWK\ DQG
SURGXFWLYHHQYLURQPHQWV&RQVLGHUDEOHDPRXQWRIHQHUJ\LVFRQVXPHGLQWKHRSHUDWLRQRIWKHZLGHO\
XVHG HQHUJ\ LQHIILFLHQW FRQYHQWLRQDO DLU FRQGLWLRQLQJ V\VWHPVZKLFK OHDGV WR VHYHUDO HQYLURQPHQWDO
SUREOHPV WKDW DUH UHODWHG WR HQHUJ\ SURGXFWLRQ VXFK DV DLU SROOXWLRQ JOREDO ZDUPLQJ DQG DFLG
SUHFLSLWDWLRQ
)URP UHFHQW VWXGLHV WKRVH EXLOGLQJV DUH UHVSRQVLEOH IRU WKH FRQVXPSWLRQ RI DURXQG  RI WKH
SULPDU\HQHUJ\FRQVXPSWLRQDQGWKHHPLVVLRQRIQHDUO\RIWKHJUHHQKRXVHJDVHVLQWKHZRUOG
$QDLUFRQGLWLRQLQJV\VWHPFRQVLVWVRIFRPSRQHQWVDQGHTXLSPHQWDUUDQJHG LQVHTXHQWLDORUGHU WR
KHDW RU FRRO KXPLGLI\ RU GHKXPLGLI\ FOHDQ DQG SXULI\ DWWHQXDWH REMHFWLRQDEOH HTXLSPHQW QRLVH
WUDQVSRUW WKH FRQGLWLRQHG RXWGRRU DLU DQG UHFLUFXODWH DLU WR WKH FRQGLWLRQHG VSDFH DQG FRQWURO DQG
PDLQWDLQDQLQGRRURUHQFORVHGHQYLURQPHQWDWRSWLPXPHQHUJ\XVH
0RVWRIWKHDLUFRQGLWLRQLQJV\VWHPVSHUIRUPWKHIROORZLQJIXQFWLRQV
D 3URYLGHWKHFRROLQJDQGKHDWLQJHQHUJ\UHTXLUHG
E &RQGLWLRQWKHVXSSO\DLUKHDWRUFRROKXPLGLI\RUGHKXPLGLI\FOHDQDQGSXULI\DQGDWWHQXDWH
DQ\REMHFWLRQDEOHQRLVHSURGXFHGE\WKHVHV\VWHPV
F 'LVWULEXWHWKHFRQGLWLRQHGDLUFRQWDLQLQJVXIILFLHQWRXWGRRUDLUWRWKHFRQGLWLRQHGVSDFH
G &RQWURO DQG PDLQWDLQ WKH LQGRRU HQYLURQPHQWDO SDUDPHWHUV VXFK DV WHPSHUDWXUH KXPLGLW\
FOHDQOLQHVV DLU PRYHPHQW VRXQG OHYHO DQG SUHVVXUH GLIIHUHQWLDO EHWZHHQ WKH FRQGLWLRQHG
VSDFHDQGVXUURXQGLQJZLWKLQSUHGHWHUPLQHGOLPLWV



1.1. Applications of air conditioning system 
D ,QVWLWXWLRQDOEXLOGLQJVVXFKDVVFKRROVFROOHJHVXQLYHUVLWLHVOLEUDULHVKRVSLWDOVDQGQXUVLQJ
KRPHVPXVHXPVLQGRRUVWDGLXPVFLQHPDWKHDWUHVHWF
E &RPPHUFLDOEXLOGLQJVVXFKDVRIILFHVVWRUHVDQGVKRSSLQJFHQWUHVVXSHUPDUNHWVGHSDUWPHQW
VWRUHVUHVWDXUDQWVDQGRWKHUV
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F 5HVLGHQWLDO EXLOGLQJV LQFOXGLQJ KRWHOV PRWHOV VLQJOH IDPLO\ DQG PXOWLIDPLO\ ORZ ULVH
EXLOGLQJVRIWKUHHRUIHZHUVWRULHVDERYHJUDGH
G 0DQXIDFWXULQJEXLOGLQJVZKLFKPDQXIDFWXUHDQGVWRUHSURGXFWVIRUH[DPSOHVPHGLFLQHV
H 7KHWUDQVSRUWDWLRQVHFWRUVOLNH$XWRPRELOHVDLUFUDIWUDLOURDGFDUVEXVHVDQGFUXLVLQJVKLSV
HWF
$LU FRQGLWLRQLQJ V\VWHPVDUHPDLQO\ IRU WKHRFFXSDQW¶VKHDOWK DQGFRPIRUW7KH\DUHRIWHQFDOOHG
FRPIRUWDLUFRQGLWLRQLQJV\VWHPV
1.2. Principle of air conditioning system 
)LJXUHVKRZVWKHZLQGRZPRXQWHGDLUFRQGLWLRQLQJV\VWHP7KHFDELQHWLVGLYLGHGLQWRLQGRRUDQG
RXWGRRUFRPSDUWPHQWVZKLFKDUHVHSDUDWHGE\LQVXODWHGZDOOWRUHGXFHWKHKHDWWUDQVIHU7KH';FRLO
DQG LQGRRU IDQ DUH LQ WKH LQGRRU FRPSDUWPHQW 7KH RXWGRRU FRPSDUWPHQW FRQWDLQV WKH FRPSUHVVRUV
FRQGHQVHUVRXWGRRUIDQFDSLOODU\WXEHDQGIDQPRWRU7KHIDQPRWRURIWHQKDVDGRXEOHHQGHGVKDIW
ZKLFKGULYHVERWKIDQVDWDWLPH

)LJ:LQGRZPRXQWHGDLUFRQGLWLRQLQJ

5HWXUQ DLU IURP WKH FRQGLWLRQHG VSDFH IORZV WKURXJK D FRDUVH DLU ILOWHU DQG LV FRROHG DQG
GHKXPLGLILHG LQD';FRLODQG WKHQHQWHUV WKH LQOHWRI WKH LQGRRU IDQ ,QD URRPDLUFRQGLWLRQHU WKH
LQGRRUIDQLVDIRUZDUGFXUYHGFHQWULIXJDOIDQ7KHFRQGLWLRQHGDLU LVSUHVVXULVHGLQ WKH LPSHOOHUDQG
IRUFHGWKURXJKWKHDLUSDVVDJHWKDWOHDGVWRWKHVXSSO\JULOOH7KHFRQGLWLRQHGDLULVWKHQVXSSOLHGWRWKH
FRQGLWLRQHGVSDFHWRRIIVHWWKHVSDFHFRROLQJORDG
2XWGRRUDLULVH[WUDFWHGE\WKHSURSHOOHUIDQDQGIRUFHGWKURXJKWKHFRQGHQVLQJFRLOVLQZKLFKKRW
JDVHRXVUHIULJHUDQWLVFRQGHQVHGWROLTXLGUHIULJHUDQW'XULQJFRQGHQVDWLRQFRQGHQVLQJKHDWLVUHOHDVHG
WRWKHRXWVLGHWKURXJKWKHFRROLQJDLU$SRUWLRQRIRXWGRRUYHQWLODWLRQDLULVH[WUDFWHGE\WKHLQGRRUIDQ
DQGPL[HGZLWKWKHUHWXUQDLU7KHRSHQLQJRIWKHRXWGRRUYHQWLODWLRQDLULQWDNHLVDGMXVWDEOH
6FLHQWLVWV DQG HQJLQHHUV DUH WU\LQJ WR GHYHORS PRUH HIILFLHQW DLU FRQGLWLRQLQJ V\VWHPV WKDW DUH
FDSDEOH RI DFKLHYLQJ JRRG LQGRRU DLU TXDOLW\ ZLWK ORZ HQHUJ\ FRQVXPSWLRQ UDWHV DQG DLU SROOXWLRQ
HPLVVLRQV$PRQJWKHHYROYLQJHQHUJ\HIILFLHQWDLUFRQGLWLRQLQJWHFKQRORJLHVDUHOLTXLGGHVLFFDQWDLU
FRQGLWLRQLQJ/'$&V\VWHPVZKLFKKDYHVKRZHGSURPLVLQJSHUIRUPDQFHGXULQJWKHSDVWGHFDGHVDQG
DUH EHOLHYHG WR EH D VWURQJ FRPSHWLWRU ZLWK WKH ZLGHO\ XVHG FRQYHQWLRQDO DLU FRQGLWLRQLQJ V\VWHPV
&$&
7KHDLUKDQGOLQJLQDLUFRQGLWLRQLQJV\VWHPVZDVPRLVWEHFDXVHRIWKHGHKXPLGLILFDWLRQSURFHVVLQ
VXPPHU VR EDFWHULD ZHUH HDVLO\ SURSDJDWHG DQG GHYHORSHG ,Q DGGLWLRQ WKH DLU KXPLGLW\ LQ PRLVW
FHQWUDODLUFRQGLWLRQLQJV\VWHPVLVVHOGRPFRQWUROOHG7KLVFDXVHVSHRSOHWRIHHOXQFRPIRUWDEOHLQVXFK
DLUFRQGLWLRQLQJURRPV6RODUHQHUJ\GULYHQOLTXLGGHVLFFDQWFRROLQJDLUFRQGLWLRQLQJV\VWHPV/'&6
FDQ LPSURYH LQGRRU DLU TXDOLW\ DQG UHGXFH HOHFWULFDO HQHUJ\ FRQVXPSWLRQ DQG KDYH EHHQ UHJDUGHG
KLJKO\E\UHVHDUFKHUVDQGHQJLQHHUVLQUHFHQW\HDUV
7KHGHVLFFDQWEDVHGDLUFRQGLWLRQLQJV\VWHPFRPHVWREHRQHRIWKHSURVSHFWLYHDOWHUQDWLYHVIRUWKH
WUDGLWLRQDOYDSRXUFRPSUHVVLRQDLUFRQGLWLRQLQJV\VWHPV
1.3. Literature review 
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$KPHG+$EGHO 6DODP DQG&DUH\ - 6LPRQVRQ  SURSRVHG DPHPEUDQH OLTXLG GHVLFFDQW DLU
FRQGLWLRQLQJ 0/'$& V\VWHPPRGHOOHG XVLQJ WKH 7516<6 EXLOGLQJ HQHUJ\ VLPXODWLRQ VRIWZDUH
7KH IRXU DLU FRQGLWLRQLQJ V\VWHPV LQYHVWLJDWHG LQ WKLV VWXG\ DUH HYDOXDWHG IURP WHFKQLFDO
HQYLURQPHQWDODQGHFRQRPLFSRLQWVRIYLHZV7KH\IRXQGWKDWWKHHQHUJ\FRQVXPSWLRQRIWKHV\VWHPV
ZLWK DQ (59 LQFUHDVHV DV WKH H[KDXVW DLUIORZ GHFUHDVHV (QHUJ\ FRQVXPSWLRQV RI WKH &$&(59
LQFUHDVHVE\DQG0/'$&(59LQFUHDVHVE\ZKHQ5H[KDXVWGHFUHDVHVIURPWR:KHQ0
/'$&V\VWHPLVXVHG&2HPLVVLRQVGHFUHDVHE\FRPSDUHGWR&$&V\VWHPDQG&2UHGXFWLRQ
JRHV WRZKHQ(59XVHGDW5H[KDXVWHTXDO WRXQLW\LQWKH0/'$&V\VWHP,WZDVIRXQGWKDW WKH
HOHFWULFDOWKHUPDODQGWRWDO&23VRIWKH0/'$&V\VWHPDUHDQGUHVSHFWLYHO\,QWKHLU
VLPXODWLRQ UHVXOWV WKH 0/'$& V\VWHP LV D SURPLVLQJ V\VWHP IURP WHFKQLFDO HQYLURQPHQWDO DQG
HFRQRPLFSRLQWRIYLHZV0RUHHQHUJ\VDYLQJVFDQEHDFKLHYHG WKURXJKWKH LQWHJUDWLRQRIDQHQHUJ\
UHFRYHU\YHQWLODWRUDVRODUWKHUPDOV\VWHPRUDKHDWSXPSZLWKWKHSURSRVHG0/'$&V\VWHP
%DOJKRXWKL 0 HW DO  GLG FRPSXWHU PRGHO DQG VLPXODWLRQV XVLQJ WKH 7516<6 DQG ((6
SURJUDPVZLWKPHWHRURORJLFDOGDWD7KHV\VWHPRSWLPL]HGIRUDW\SLFDOEXLOGLQJRIPDUHDFRQVLVWV
RIDZDWHUOLWKLXPEURPLGHDEVRUSWLRQFKLOOHURIDFDSDFLW\RIN:DPIODWSODWHFROOHFWRUDUHD
WLOWHG  IURP WKH KRUL]RQWDO DQG  O KRW ZDWHU VWRUDJH WDQN 7KH VLPXODWLRQ UHVXOWV VKRZ WKDW
DEVRUSWLRQVRODUDLUFRQGLWLRQLQJV\VWHPVDUHVXLWDEOHXQGHU7XQLVLDQFRQGLWLRQV
(OVKHUELQL$/DQG0DKHVKZDUL*3WKH\IRXQGWKDWWKHWKHRUHWLFDOLQFUHDVHLQWKHFRHIILFLHQW
RI SHUIRUPDQFH &23 GXH WR VKDGLQJ LV ZLWKLQ  WKLV VPDOO LPSURYHPHQW LQ LGHDO HIILFLHQF\
GHFUHDVHV DW KLJKHU DPELHQW WHPSHUDWXUHV ZKHQ HQKDQFHPHQWV WR HIILFLHQF\ DUH PRUH QHHGHG 7KH
DFWXDO HIILFLHQF\ LPSURYHPHQW GXH WR VKDGLQJ LV QRW H[SHFWHG WR H[FHHG  DQG WKH GDLO\ HQHUJ\
VDYLQJVZLOOEHORZHU
*XR - DQG 6KHQ + *  VWXGLHG D OXPSHG PHWKRG FRPELQHG ZLWK G\QDPLF PRGHO DQG
LQYHVWLJDWHG WKH SHUIRUPDQFH DQG VRODU IUDFWLRQ RI D VRODU HMHFWRU UHIULJHUDWLRQ V\VWHP 6(56 XVLQJ
5D7KH\IRXQGWKDWGXULQJWKHRIILFHZRUNLQJWLPHLHDPWRSPWKHDYHUDJH&23
DQG WKH DYHUDJH VRODU IUDFWLRQ RI WKH V\VWHPZHUH  DQGZKHQ WKHRSHUDWLQJ FRQGLWLRQV DUH
JHQHUDWRU WHPSHUDWXUH LV&DQGHYDSRUDWRU WHPSHUDWXUH LV&DQGFRQGHQVHU WHPSHUDWXUHYDU\LQJ
ZLWKDPELHQWWHPSHUDWXUH7KLVV\VWHPFDQVDYHXSWRRIHOHFWULFDOHQHUJ\ZKHQFRPSDUHGZLWK
WUDGLWLRQDOFRPSUHVVRUEDVHGDLUFRQGLWLRQLQJ
+D 4 3 DQG 9DNLORURD\D 9  VWXGLHG WKH SHUIRUPDQFH HQKDQFHPHQW DQG HQHUJ\ HIILFLHQF\
LPSURYHPHQW RI D QHZ K\EULG VRODU DVVLVWHG DLU FRQGLWLRQLQJ V\VWHP $ VLQJOH VWDJH YDSRXU
FRPSUHVVLRQ VRODU DLU FRQGLWLRQHU FRQVLVWV RI VL[PDMRU FRPSRQHQWV D FRPSUHVVRU D FRQGHQVHU DQ
H[SDQVLRQ GHYLFH DQ HYDSRUDWRU D VRODU YDFXXP FROOHFWRU DQG D VRODU VWRUDJH WDQN ,Q WKLV QHZ
FRQILJXUDWLRQ D E\SDVV OLQH LV LPSOHPHQWHG LQ WKH GLVFKDUJH OLQH DIWHU WKH FRPSUHVVRU WR FRQWURO WKH
UHIULJHUDQWPDVV IORZ UDWH YLD D WZRZD\ YDOYHZKLOH D YDULDEOH VSHHG GULYH LV FRQQHFWHG WR WKH DLU
FRROHGFRQGHQVHU WRDGMXVW WKHFRQGHQVHU IDQDLU IORZUDWH)URP WKH VLPXODWLRQ WKH\ IRXQG WKDW WKH
HQWKDOS\RIUHIULJHUDQWHQWHULQJWKHH[SDQVLRQYDOYHZLWKDQGZLWKRXWWKHQHZFRQILJXUDWLRQLVUHGXFHG
E\  'HVLJQHG DW VWHDG\ VWDWH FRQGLWLRQV WKH FRPSUHVVRU SRZHU FRQVXPSWLRQ IRU WKH V\VWHP
ZLWKRXWFRQWURO DQG WKHGHYHORSHGV\VWHPDUHN:DQGN:DQGHQHUJ\ VDYLQJV LV7KH
DYHUDJHSRZHUFRQVXPSWLRQE\XVLQJWKHGHYHORSHGV\VWHPLVOHVVWKDQWKDWRIWKHXQFRQWUROOHG
V\VWHP 7KH DYHUDJH HQHUJ\ VDYLQJ SRWHQWLDO IRU WKH SURSRVHG DSSURDFK IRU WKH FRPSUHVVRU DQG
FRQGHQVHUIDQLVDQG%RWKRIFRPSUHVVRUDQGFRQGHQVHUUHGXFWLRQFDQUHVXOWXOWLPDWHO\LQ
DQ LQFUHDVH RI &23 7KH DYHUDJH VXSSO\ WHPSHUDWXUH RI WKH GHYHORSHG V\VWHP LV GHFUHDVHG IURP
&WR&7KHDYHUDJHHQHUJ\FRQVXPSWLRQRIWKHQHZO\GHYHORSHGV\VWHPXQGHUFRQWURODQG
WKHRULJLQDORQHLQVXPPHUPRQWKSRZHUFRQVXPSWLRQLVOHVVWKDQWKHSRZHUXVDJHRIWKHXQFRQWUROOHG
SODQW )RU WKH FORVHG ORRS V\VWHP XQGHU FRQWURO KDYH  WR  HOHFWULFLW\ FRQVXPHG E\ WKH
FRPSUHVVRU FDQEH VDYHGXVLQJ WKHSURSRVHG V\VWHPXQGHUPXOWLYDULDEOH FRQWURO DV FRPSDUHG WR WKH
V\VWHPZLWKRXWFRQWURO7KH\FRQFOXGHG WKDW WKLVQHZGHVLJQ LVSURPLVLQJ IRU LPSURYLQJ WKH V\VWHP
SHUIRUPDQFHZKLOHIXOILOOLQJWKHFRROLQJGHPDQGVDVZHOODVDFKLHYLQJKLJKHQHUJ\HIILFLHQF\
,EUDKLP,(O6KDUNDZ\HWDOWKHRUHWLFDOO\LQYHVWLJDWLRQRQWKHSHUIRUPDQFHRIVRODUSRZHUHG
VLOLFDJHOZDWHUEDVHGDGVRUSWLRQFRROLQJV\VWHPZRUNLQJXQGHU0LGGOH(DVWUHJLRQFOLPDWHFRQGLWLRQV
7ZREHGVLOLFDJHOZDWHUW\SHDGVRUSWLRQFKLOOHUKDVEHHQXVHG7KH\IRXQGWKDW WKHPD[LPXPF\FOLF
DYHUDJHFRROLQJFDSDFLW\RIWKHV\VWHPZRUNLQJXQGHU&DLURDQG-HGGDKFOLPDWHFRQGLWLRQVUHDFKHVWR
N:DQGN:XQGHU$VZDQFOLPDWH FRQGLWLRQV&RROLQJFDSDFLW\RI WKH V\VWHPZLWKRXWKRW
ZDWHUEXIIHUVWRUDJHUHDFKHVLWVPD[LPXPDWQRRQDQGIRUWKHV\VWHPZLWKKRWZDWHUEXIIHUVWRUDJHWKH
PD[LPXPFRROLQJFDSDFLW\YDOXHLVN:WKDWLVDFKLHYHGDWDWLPHLQWHUYDORIDQGKRXUV
7KHV\VWHPZLWKKRWZDWHUEXIIHUVWRUDJHKDVOHVVIOXFWXDWLQJFRROLQJHQHUJ\SURGXFWLRQFRPSDUHGWR
WKDWRIWKHV\VWHPZLWKRXWKRWZDWHUEXIIHUVWRUDJH
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/XFDV0 HW DO  LQVWDOOHG D +\GURVRODU URRI SURWRW\SH RQ D ODERUDWRU\ URRI DW 6SDLQ 7KLV
EXLOGLQJZDVDLUFRQGLWLRQHGZLWKDZDWHUFRQGHQVHGFKLOOHUZRUNLQJZLWKWKHVRODUURRIDVDFRQGHQVHU
7KHWRWDOYROXPHRFFXSLHGE\WKHIRXUFHOOVRIWKHSURWRW\SHLVURXJKO\PPPLQVL]H'XULQJ
WKHVXPPHUWKHV\VWHPZDVPRQLWRUHGWRREWDLQSHUIRUPDQFHGDWDLQDUHDOLQVWDOODWLRQDQGXQGHU
UHDOFRQGLWLRQV7KH\FUHDWHG&)'PRGHODQGDQDO\VHG)URPWKHLUQXPHULFDOUHVXOWVDQGH[SHULPHQWDO
UHVXOWVWKH\FRQILUPHGWKDWWKHDLUPDVVIORZLVLQGXFHGWKURXJKWKHFKDQQHOGXHWRQDWXUDODQGIRUFHG
FRQYHFWLRQ 1DWXUDO FRQYHFWLRQ LV SURGXFHG E\ WKH VRODU UDGLDWLRQ KHDWLQJ WKH SODWHV DQG IRUFHG
FRQYHFWLRQ LV GXH WR WKH ZLQG VXFWLRQ HIIHFW DW WKH RXWSXW RI WKH FKDQQHO 7KHUHIRUH WKH WZRPDLQ
PHWHRURORJLFDOIDFWRUVWKDWLQIOXHQFHWKHV\VWHPSHUIRUPDQFHDUHVRODUUDGLDWLRQDQGZLQGYHORFLW\
0D4HWDOVWXGLHGSHUIRUPDQFHRIK\EULGDLUFRQGLWLRQLQJV\VWHPVDQGWKH\REVHUYHGWKDW
WKH SHUIRUPDQFH RI K\EULGH DLU FRQGLWLRQLQJ V\VWHP LV  KLJKHU WKDQ FRQYHQWLRQDO YDSRXU
FRPSUHVVLRQUHIULJHUDWLRQV\VWHPDWDODWHQWORDGRIDQGWKHLPSURYHPHQWFDQEHDFKLHYHGE\
DWDODWHQWORDGRI
0LQ7XHWDOSHUIRUPHGFRPSDULVRQEHWZHHQWZRQRYHOFRQILJXUDWLRQVRIOLTXLGGHVLFFDQWDLU
FRQGLWLRQLQJV\VWHPGULYHQE\ORZJUDGHWKHUPDOHQHUJLHV
0RQFHI %DOJKRXWKL HW DO  VWXGLHG ZLWK WKH 7516<6 SURJUDP VLPXODWLRQ VWXG\ RI VRODU
SRZHUHG DEVRUSWLRQ FRROLQJ WHFKQRORJ\ XQGHU 7XQLVLDQ FRQGLWLRQV $ QXPEHU RI VLPXODWLRQV ZHUH
FDUULHG RXW LQ RUGHU WR RSWLPL]H WKH YDULRXV IDFWRUV DIIHFWLQJ WKH SHUIRUPDQFH RI WKH V\VWHP 7KHLU
VLPXODWLRQUHVXOWVVKRZWKDWDEVRUSWLRQVRODUDLUFRQGLWLRQVVRODUDLUFRQGLWLRQLQJV\VWHPVDUHVXLWDEOH
IRU7XQLVLDQ¶VFRQGLWLRQV
6XNDPRQJNRO < HW DO  WKH\ FRQGXFWHG DQ H[SHULPHQWDO WHVW WR LQYHVWLJDWH YDOLGLW\ RI D
GHYHORSHGVLPXODWLRQPRGHOLQSUHGLFWLQJWKHG\QDPLFSHUIRUPDQFHRIDFRQGHQVHUKHDWUHFRYHU\ZLWK
DK\EULG397DLUKHDWLQJFROOHFWRU7KHWKHUPDOHQHUJ\JHQHUDWHGE\WKHV\VWHPFDQSURGXFHZDUPGU\
DLUDVKLJKDV&DQGUHODWLYHKXPLGLW\RIGDLO\HOHFWULFLW\FDQEHREWDLQHGIURPWKH397
FROOHFWRULQWKHV\VWHP7KHXVHRIDK\EULG397DLUKHDWHULQFRUSRUDWHGZLWKWKHKHDWUHFRYHUHGIURP
WKH FRQGHQVHU WR UHJHQHUDWH WKH GHVLFFDQW IRU GHKXPLGLILFDWLRQ DQG VDYH WKH HQHUJ\ XVH RI WKH DLU
FRQGLWLRQLQJ V\VWHP E\  7KH\ FRQFOXGHG WKDW WKH H[SHULPHQWDO YDOLGDWLRQ UHVXOWV WKDW WKH
GHYHORSHGVLPXODWLRQPRGHOLVDEOHWRSUHGLFWZLWKLQDFFHSWDEOHOLPLWVRIDFFXUDF\WKHSHUIRUPDQFHRID
FRQGHQVHUKHDWUHFRYHU\ZLWKDK\EULG397DLUKHDWHUWRUHJHQHUDWHGHVLFFDQWIRUUHGXFLQJHQHUJ\XVH
RIDQDLUFRQGLWLRQLQJURRP
7KRVDSRQ.DWHMDQHNDUQDQG.XPDU6VLPXODWLRQSURFHGXUH LVXVHGWRSUHGLFWWKHRSHUDWLQJ
DQGSHUIRUPDQFHSDUDPHWHUVRIWKHV\VWHPLQWKHIRUPRIGDLO\SURILOHV7KH\IRXQGWKDWWKHV\VWHPLV
UHGXFHGWKHDYHUDJHUHODWLYHKXPLGLW\RIDLULVGHFUHDVHGE\7KHUHJHQHUDWLQJDLUFRPLQJRXWRI
WKHVRODU&5LVZDUPHUDQGGULHUWKDQWKHHQWHULQJDPELHQWDLU7KH\VWXGLHGWKHV\VWHPSHUIRUPDQFH
ZLWKWKHYHQWLODWLRQDLUIORZUDWHZDVYDULHGDQGWKH\IRXQGWKDWWKHHIIHFWLYHQHVVDWWKHYHQWLODWLRQUDWH
RIDQG&)0LVGHFUHDVHGE\DQGZKHQFRPSDUHGZLWK WKHEDVH&)0
%HFDXVH WKH OHVVFRQWDFW WLPHEHWZHHQ WKH DLU DQG WKHGHVLFFDQW LQVLGH WKHGHKXPLGLILHU2QDGDLO\
DYHUDJHWKHUHODWLYHKXPLGLW\RIWKHGHOLYHUHGDLUDWWKHYHQWLODWLRQUDWHRIDQG&)0LV
DQG7KLVLVGXHWRWKHOHVVPRLVWXUHUHPRYDOHIIHFWLYHQHVVDWKLJKHU
YHQWLODWLRQUDWHV$WWKHYHQWLODWLRQUDWHRIDQG&)0WKHPRLVWXUHUHPRYDOUDWHLVLQFUHDVHG
E\DQGZKHUHDVWKHHYDSRUDWLRQUDWHLVLQFUHDVHGE\DQG
7LQJ\DRFKHQHWDOGHVLJQHGDVRODUDLUFRQGLWLRQLQJV\VWHPZKLFKLVLQGHSHQGHQWRQGHVLJQ
GU\EXOEDQGZHWEXOEWHPSHUDWXUHV7KLVGHVLJQFRLQFLGHQWGU\EXOEDQGZHWEXOEWHPSHUDWXUHVPRUH
WKDQ&KLJKHUDVFRPSDUHGWRWKHQHZO\JHQHUDWHGGHVLJQGU\EXOEDQGZHWEXOEWHPSHUDWXUH)URP
WKLVQHZPHWKRGWKH\FDQZKHQWKHSHDNFRROLQJORDGRFFXUV+9$&HQJLQHHUVFDQDYRLGFDOFXODWLQJ
KRXUV FRROLQJ ORDGV RQ RQH GHVLJQ GD\ LQ HDFKPRQWK RI WKH \HDU 7KLV QHZPHWKRG DQG GHVLJQ
ZHDWKHU GDWD DOORZ WR GHWHUPLQLQJ WKH SHDN FRROLQJ ORDG IRU D URRP RU EXLOGLQJ LQ DQ\ RULHQWDWLRQ
GLUHFWO\EXWZLWKDWKHUPDOODJOHVVWKDQKRXU
<RQJJDR<LQDQG;LDRVRQJ=KDQJVWXGLHGRQLQWHUQDOO\KHDWHGDQGDGLDEDWLFUHJHQHUDWRUVLQ
OLTXLG GHVLFFDQW DLU FRQGLWLRQLQJ V\VWHP +HDW DQG PDVV WUDQVIHU PRGHO ZDV XVHG WR DQDO\VH DQG
FRPSDUH WKHSHUIRUPDQFHRI LQWHUQDOO\KHDWHGDQGDGLDEDWLF UHJHQHUDWRUV7KH\ IRXQG WKDW LQWHUQDOO\
KHDWHG UHJHQHUDWRU LV SURSRVHG WR DFKLHYH EHWWHU UHJHQHUDWLRQ SHUIRUPDQFH ZKHQ FRPSDUHG WR
FRQYHQWLRQDOSDFNHGUHJHQHUDWRU,QWHUQDOO\KHDWHGUHJHQHUDWRUQRWRQO\FRXOGLQFUHDVHWKHUHJHQHUDWH
UDWH EXW DOVR FRXOG H[KLELW KLJKHU HQHUJ\ XWLOL]DWLRQ HIILFLHQF\ ,QWHUQDOO\ KHDWHG UHJHQHUDWRU FDQ
SURYLGH FRPSDUDEOH UHJHQHUDWLRQ HIILFLHQF\ DQG UHJHQHUDWLRQ UDWH DW ORZ GHVLFFDQW IORZ UDWH VR LW
VKRXOGEHDJRRGDOWHUQDWLYHWRDYRLGFDUU\RYHURIGHVLFFDQWGURSOHWV+LJKHUDLUIORZUDWHZRXOGUHVXOW
LQDGHGXFWLRQRIUHJHQHUDWLRQWKHUPDOHIILFLHQF\DOWKRXJKDFKLHYLQJKLJKHUUHJHQHUDWLRQUDWH
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<RQJJDR<LQHWDOH[SHULPHQWDOO\VWXGLHGWKHGHKXPLGLILFDWLRQUDWHRIWKHDLUGHFUHDVHVIURP
JVHFWRJVHFZKHQWKHWHPSHUDWXUHRIWKHLQOHWDLUFKDQJHVIURP&WR&)URPWKLV
H[SHULPHQW WKH\ IRXQG WKDW WKH DYHUDJH PDVV WUDQVIHU FRHIILFLHQW RI WKH SDFNLQJ UHJHQHUDWRU LV
JPVHF:KHQWKHGHVLFFDQWVROXWLRQPDVVFRQFHQWUDWLRQLVDQGKHDWLQJWHPSHUDWXUHLV&
WKHPD[LPXPPDVVWUDQVIHUFRHIILFLHQWLVJPVHF,QWKLVH[SHULPHQWWKHKXPLGLW\RIWKHLQOHWDLU
LVYDULHGIURPJNJWRJNJDQGLWVWHPSHUDWXUHLV&7KHGHVLFFDQWVROXWLRQWHPSHUDWXUHV
DUHLQWKHUDQJHIURP&WR&7KHVROXWLRQRXWOHWWHPSHUDWXUHVUDQJHEHWZHHQ&WR&DQG
WKH DLU RXWOHW WHPSHUDWXUHV UDQJH EHWZHHQ & WR & 7KH\ IRXQG WKDW WKH GHKXPLGLILFDWLRQ UDWH
LQFUHDVHVREYLRXVO\ZLWKLQFUHDVLQJKXPLGLW\RIWKHLQOHWDLU
7KHFRHIILFLHQWRISHUIRUPDQFH&23RIWKHDLUFRQGLWLRQLQJV\VWHPVYDULHVIURPWR
 &RQFOXVLRQV
)URPWKHOLWHUDWXUHUHYLHZLWLVREVHUYHGWKDWWKHHQHUJ\DQGZDWHUDUHWKHEDVLFQHFHVVLW\IRUDOORI
XV WR OHDG D QRUPDO OLIH RQ WKLV EHDXWLIXO HDUWK 6RODU HQHUJ\ WHFKQRORJLHV DQG LWV XVDJH DUH YHU\
LPSRUWDQWDQGXVHIXOIRUWKHGHYHORSLQJDQGXQGHUGHYHORSHGFRXQWULHVWRVXVWDLQWKHLUHQHUJ\QHHGV
7KH PDLQ PRWLYDWLRQ IRU VRODU FRROLQJ V\VWHPV LV WKH VXEVWLWXWLRQ RI HOHFWULFLW\ DV WKH SUHPLXP
HQHUJ\VRXUFHVIRUDLUFRQGLWLRQLQJV\VWHPVE\DUHQHZDEOHKHDWVRXUFHLHORZJUDGHKHDWIURPVRODU
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